1. Introduction {#s0005}
===============

Foot-and-mouth disease (FMD) is a highly contagious disease that affects cloven-hoofed animals such as cattle, swine, and sheep ([@b0155]). The ability of the FMD virus (FMDV) to spread rapidly in susceptible animals has led to FMD being considered a disease serious enough to be listed by the World Organization for Animal Health (OIE). FMDV belongs to the genus *Aphthovirus* in the family *Picornaviridae* ([@b0015]). The virus genome is an 8.5-kb, positive-sense single-stranded RNA containing one open reading frame. There are 7 serotypes: A, O, Asia1, C, SAT1, SAT2, and SAT3; moreover, numerous subtypes have evolved within each serotype ([@b0120]; [@b0080]). The use of current FMD vaccines to induce early protection is limited because protection cannot take effect until 7 days after the vaccination ([@b0095]). Therefore, an alternative method of applying antiviral agents is required to reduce the spread of FMDV in outbreak situations. Guanidine-hydrochloride (guanidine-HCl), ribavirin, interferon (IFN), and small interference RNA (siRNA) have been proposed as promising antiviral agents with different mechanisms. However, their inhibition effects on FMDV have not been evaluated although they have different antiviral efficiency. Furthermore, treatment with individual antiviral agents does not lead to perfect inhibition because of limitations related to viral resistance.

Ribavirin and guanidine-HCl are known as chemical compounds that inhibit FMDV replication in cells ([@b0010], [@b0135]). Guanidine-HCl inhibits the replication of picornaviruses such as FMDV and poliovirus. Ribavirin has antiviral effects against a broad range of viruses, including FMDV, by inhibition of RNA-capping activity or viral polymerase, and by increasing mutation frequency ([@b0100]). A broad-spectrum anti-metabolite, 6-azauridine inhibits virus replication ([@b0175]). It has been reported that 6-azauridine effectively inhibits RNA viruses such as Chikungunya virus, Semliki Forest virus, and human coronavirus at low concentration ([@b0035], [@b0170]). However, it has not been reported whether 6-azauridine effectively inhibits FMDV. Recombinant adenovirus expressing porcine IFN-α induces high levels of biologically active IFN in cell supernatants and has antiviral effects against FMDV in cells, and the protection lasts for 3--5 days in swine inoculated with the adenovirus ([@b0055]). RNA interference (RNAi), which causes gene silencing in a sequence-specific manner, is mediated by short hairpin RNA. Recently, researchers reported the inhibition of FMDV replication using plasmids or adenovirus expressing RNAi ([@b0040], [@b0045], [@b0110]). We have reported significant antiviral effects against FMDV by adenovirus expressing multiple siRNA targeting non-structural protein genes ([@b0115]). The multiple siRNA enhanced antiviral efficiency and had antiviral effects against 7 FMDV serotypes.

However, FMDV possesses resistance mechanisms against antiviral agents, such as amino acid substitutions against mutagens, mutation against siRNA target sequence, and type I IFN suppression ([@b0020], [@b0065], [@b0140], [@b0160], [@b0165]). Our group anticipated that the combination treatment of antiviral agents with different mechanisms might be more advantageous in overcoming their individual limitations. Moreover, FMD researchers have reported that combination treatment such as type I and II IFN, or guanidine-HCl and ribavirin enhanced the antiviral effect ([@b0130], [@b0145]).

Here, we examined and compared the inhibition effect and cytotoxicity of the following well-known or potential antiviral agents: guanidine-HCl, ribavirin, 6-azauridine, and recombinant adenovirus expressing porcine IFN-α (Ad-porcine IFN-α) or multiple siRNA (Ad-siRNA 2B-3C1-3C2 in a previous study ([@b0115]), Ad-siRNA in this study). Furthermore, we tested the combined effects of four pairs of mixed antiviral agents selected from the following five agents: guanidine-HCl, ribavirin, 6-azauridine, Ad-porcine IFN-α, and Ad-siRNA. This is the first time the enhanced antiviral effect of the combination of Ad-porcine IFN-α and Ad-siRNA or Ad-porcine IFN-α and ribavirin were demonstrated.

2. Materials and methods {#s0010}
========================

2.1. Cells, animals, viruses and virus titration {#s0015}
------------------------------------------------

Human embryonic kidney cells, including those that contain human adenovirus type 5 E1 DNA (293A cells), and swine kidney cells (IBRS-2) were propagated in Dulbecco's modified Eagle's medium (D-MEM) supplemented with 10% fetal bovine serum (FBS; pH 7.4) and antibiotics at 37 °C with 5% CO~2~. CD-1 (ICR) suckling mice, 6 days old and weighing 4--5 g, were purchased from Orient Co., Ltd. (Republic of Korea). The animals were treated in accordance with the ethical guidelines of the Animal Welfare Committee of the Animal, Plant, and Fisheries Quarantine and Inspection Agency (QIA). FMDVs from strain O/SKR/2002 (GenBank accession numbers [AY312589](ncbi-n:AY312589) and [AY312588](ncbi-n:AY312588)) were used for the viral challenges. Virus titers for FMDV and adenovirus were determined in IBRS-2 and 293A cells, respectively. The 50% tissue culture infective dose (TCID~50~) was calculated using the formula of Reed and Muench ([@b0180]).

2.2. Antivirals: chemical compounds and recombinant adenoviruses {#s0020}
----------------------------------------------------------------

We purchased the commercial chemical compounds ribavirin (Sigma R9644, USA), guanidine-HCl (Thermo Scientific 24115, USA), and 6-azauridine (Sigma Aldrich A1882, USA), and produced the recombinant adenoviruses (Ad-siRNA and Ad-porcine IFN-α) in our laboratory. Ribavirin and guanidine-HCl have been reported for application in cases of FMDV ([@b0030], [@b0065]), while 6-azauridine has not. We reported previously that recombinant adenovirus expressing three different siRNA sequences targeting the non-structural protein regions 2B and 3C (Ad-siRNA) significantly inhibits FMDV replication ([@b0115]). To produce Ad-porcine IFN-α, the porcine IFN-α1 gene (GenBank accession number [NM_214393](ncbi-n:NM_214393)) was synthesized by Bioneer Corp. (Republic of Korea) and cloned into a pENTR™/SD-TOPO cloning vector (Invitrogen, USA). Recombinant human adenovirus was produced according to the manufacturer's instructions. Briefly, we performed a recombination reaction using a pENTR™/SD-TOPO construct (Invitrogen), pAd/CMV/V5-DEST™ Gateway Vector (Invitrogen), and Gateway LR Clonase™ Enzyme Mix (Invitrogen), and 293A cells were transfected with the adenovirus constructs digested with *Pac*I using Lipofectamine 2000 (Invitrogen). When approximately 80% cytopathic effect (CPE) was observed, the adenovirus was harvested. The harvested virus was purified using a ViraBind Adenovirus Miniprep Kit (Cell Biolabs, Inc., USA). Adenovirus stock of 10^8^--10^9^  TCID~50~/mL was used for the experiment.

2.3. FMDV inhibition assay and cytotoxicity assay {#s0025}
-------------------------------------------------

The inhibition effects and cytotoxicity were measured in IBRS-2 cells to compare the effectiveness of the antiviral agents against FMDV. IBRS-2 cells of 3.5 × 10^4^ per well were plated on 96-well plates. On the following day, the plated cells were 90% confluent at the time of infection. Cells were infected with 100 TCID~50~ FMDV and treated with recombinant adenoviruses and serially diluted chemical compounds 1 h post-FMDV infection. The cells were incubated at 37 °C for 72 h until the maximum CPE of FMDV was reached. The level of viability of the infected cells was determined by an MTS assay using CellTiter 96 AQueous One Solution Proliferation Assay (Promega, USA). The antiviral activity was expressed as the 50% effective concentration (EC~50~), defined as the concentration required to reduce virus-induced cytopathogenicity by 50% of the control value. A similar procedure was used for the cytotoxicity assay, but the cells were treated with recombinant adenoviruses and chemical compounds without FMDV infection. Cytotoxicity was determined by an MTS assay using CellTiter 96 AQueous One Solution Proliferation Assay (Promega). Cytotoxicity was expressed as the 50% cytotoxic concentration (CC~50~), defined as the concentration required to reduce cell viability by 50% of the control value.

2.4. Antiviral reagent inoculation, viral challenge, and analysis in IBRS-2 cells {#s0030}
---------------------------------------------------------------------------------

To investigate the antiviral effects of the antiviral agents and their combination *in vitro*, IBRS-2 cells were inoculated on 96-well plates. Cells were inoculated with recombinant adenovirus expressing porcine IFN-α or siRNA, ribavirin, guanidine-HCl, 6-azauridine, or combinations of two antiviral agents 24 h before FMDV infection for the experiments illustrated in [Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"} . Ad-siRNA, Ad-porcine IFN-α, and ribavirin treatments were carried out 2, 6, and 24 h before FMDV infection, as depicted in [Fig. 3](#f0015){ref-type="fig"} . In the experiment illustrated in [Fig. 4](#f0020){ref-type="fig"} , Ad-porcine IFN-α and ribavirin treatments were carried out 24 or 6 h before FMDV infection for the simultaneous treatment experiment. Ad-porcine IFN-α and ribavirin were added at 24 and 6 h, respectively, before FMDV infection for the sequential treatment experiment. The adenovirus or chemical compound was removed and cells were washed twice with D-MEM, and IBRS-2 cells were immediately infected with 1000 or 3000 TCID~50~ FMDV. After 1-h absorption, the inocula were removed and 100 μL culture medium containing 2% FBS was added in the experiments depicted in [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}. The inocula were not removed in the experiments depicted in [Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}. The cells were incubated at 37 °C for 48 h. The supernatant was collected at 48 h post-infection (p.i.) and analyzed with replication analysis. Quantitative real-time RT-PCR was carried out to assay the effects of the antiviral agents on FMDV RNA replication. Viral RNA was extracted by the MagNa Pure LC 96 System (Roche, Switzerland). Real-time RT-PCR was conducted as described previously ([@b0115]). A *t*-test was performed for statistical analysis using Graph Pad InStat (Ver. 3.05).Fig. 1Effects of combined antiviral agents on inhibition of FMDV replication IBRS-2 cells were inoculated with 50 TCID~50~ adenovirus expressing porcine IFN-α (Ad-porcine IFN-α or Ad-PoIFNα) or multiple siRNAs (Ad-siRNA), ribavirin (100 μM), and 6-azauridine (0.2 μM). Ribavirin and Ad-porcine IFN-α (A), ribavirin and 6-azauridine (B), 6-azauridine and Ad-porcine IFN-α (C), and Ad-siRNA and Ad-porcine IFN-α (D) were administered to the cells to observe the combination effect. After 24 h, cells were infected with 1000 TCID~50~ FMDV (O/SKR/2002) after the inoculum was removed. The supernatants were analyzed using RNA extraction and real-time RT-PCR at 24 and 48 h post-FMDV infection. A *t*-test was performed for statistical analysis (^∗^*P* *\<* 0.05 and ^∗∗∗^*P* *\<* 0.0005). Error bars indicate standard deviations (SD).Fig. 2Combination effects of Ad-porcine IFN-α (Ad-PoIFNα) and various amounts of Ad-siRNA or ribavirin. IBRS-2 cells were inoculated with 10 or 100 TCID~50~ Ad-porcine IFN-α and various titers (or concentrations) of Ad-siRNA (A) and ribavirin (B). After 24 h, cells were infected with 3000 TCID~50~ FMDV (O/SKR/2002) after the inoculum was removed. The supernatants were analyzed using RNA extraction and real-time RT-PCR at 48 h post-FMDV infection. A *t*-test was performed for statistical analysis between the single antiviral agent treatment with Ad-porcine IFN-α and others (^∗^*P* *\<* 0.05 and ^∗∗^*P* *\<* 0.005). Error bars indicate SD.Fig. 3Antiviral effect of Ad-porcine IFN-α, Ad-siRNA, and ribavirin at various times after treatment IBRS-2 cells were inoculated with 10^5^ TCID~50~ Ad-porcine IFN-α and Ad-siRNA and 100 μM ribavirin at 2, 6, and 24 h before FMDV infection. Cells were infected with 1000 TCID~50~ FMDV (O/SKR/2002) after the inoculum was removed. After 1-h adsorption, the cells were rinsed with D-MEM, and culture medium containing 2% fetal bovine serum (FBS) was added. The supernatants were collected 48 h post-FMDV infection and analyzed using RNA extraction and real-time RT-PCR. A *t*-test was performed for statistical analysis (^∗^*P* *\<* 0.05 and ^∗∗^*P* *\<* 0.005). Error bars indicate SD.Fig. 4Inhibition effects of simultaneous and sequential treatment of Ad-porcine IFN-α and ribavirin IBRS-2 cells were inoculated with 10^5^ TCID~50~ Ad-porcine IFN-α or 100 μM ribavirin at 6 or 24 h before FMDV infection. Cells were simultaneously or sequentially inoculated with Ad-porcine IFN-α and ribavirin at 24 and 6 h before FMDV infection. Cells were infected with 1000 TCID~50~ FMDV (O/SKR/2002) after the inoculum was removed. After 1-h adsorption, the cells were rinsed with D-MEM, and culture medium containing 2% FBS was added. The supernatants were collected 48 h post-FMDV infection and analyzed using RNA extraction and real-time RT-PCR. A *t*-test was performed for statistical analysis (^∗^*P* *\<* 0.05). Error bars indicate SD.

2.5. Antiviral reagent injection, viral challenge, and monitoring in suckling mice {#s0035}
----------------------------------------------------------------------------------

We used 6-day-old suckling mice to investigate the antiviral effects *in vivo* in this study. The FMDV dose was determined through 10-fold serial dilutions of the virus. The 50% lethal dose (LD~50~) of FMDV used was estimated by the Reed-Muench method ([@b0180]). Suckling mice were inoculated by intraperitoneal (IP) injection with 0.01 mg ribavirin and 2 × 10^7^ TCID~50~ adenovirus. Combination group 2, treated with Ad-porcine IFN-α and Ad-siRNA, was injected with 2 × 10^7^ TCID~50~ of each adenovirus. After 18 h, combination group 1, treated with ribavirin and Ad-porcine IFN-α (sequential treatment) was injected with 0.01 mg ribavirin. After 24 h of adenovirus or ribavirin injections, the suckling mice were challenged with 125 LD~50~ or 250 LD~50~ FMDV (O/SKR/2002) in a 0.05-mL IP injection. The animals were monitored for 7 days. A log rank test was performed for statistical analysis using Graph Pad InStat (Ver. 3.05).

3. Results {#s0040}
==========

3.1. Selectivity of agents as FMDV inhibitors {#s0045}
---------------------------------------------

The inhibition effect of the antiviral agents was determined by the inhibition of FMDV-induced CPE, and the cytotoxicity of the antiviral agents was determined by the viability of treated IBRS-2 cells. When the selectivity indices for effective antiviral agents were calculated as the ratio of CC~50~ to EC~50~, all agents demonstrated selectivity indices \>20 against FMDV ([Table 1](#t0005){ref-type="table"} ).Table 1The effect of antiviral agents on FMDV.AgentCC~50~[a](#tblfn1){ref-type="table-fn"}EC~50~[b](#tblfn2){ref-type="table-fn"}Selectivity index (CC~50~/EC~50~)Ad-Porcine IFN-α10.1 ± 3.8 × 10^4^ TCID~50~1.4 ± 0.5 × 10^0^ TCID~50~7.1 × 10^4^Ad-siRNA 2B-3C1-3C218 ± 7.1 × 10^3^ TCID~50~2.5 ± 1.4 × 10^0^ TCID~50~7.0 × 10^3^Ribavirin960.9 ± 11 μM27.3 ± 5 μM35.2Guanidine HCl147 ± 13 μM5.46 ± 1 μM26.96-Azauridine11.12 ± 2 μM0.321 ± 0.0 13 μM34.6[^1][^2][^3]

Regarding the chemical compounds, ribavirin and 6-azauridine had selectivity indices of 35.2 and 34.6, respectively. These were higher than that of guanidine-HCl, which had a selectivity index of 26.9. The selectivity index of 6-azauridine, whose effect against FMDV had been unknown up to this point, was similar to that of ribavirin. Ribavirin proved to be the most selective FMDV inhibitor, and guanidine-HCl had the lowest selectivity index of the chemical compounds examined in this study.

The selectivity indices of adenoviruses expressing siRNA or porcine IFN-α were 7 × 10^3^ or 7 × 10^4^ based on the adenoviral titer. In the IBRS-2 cells, the selectivity index of porcine IFN-α was 10-fold higher than that of siRNA.

3.2. Enhanced antiviral effects by combination of antiviral agents {#s0050}
------------------------------------------------------------------

To determine if a combination of antiviral agents had a greater antiviral effect than that of an individual agent, FMDV replication in IBRS-2 cells was analyzed after combination and individual treatments ([Fig. 1](#f0005){ref-type="fig"}). All the antiviral agents exhibited statistically significant inhibition of FMDV replication compared to the control (*P*   *\<*  0.05, *t*-test). The antiviral effect of combined treatment using ribavirin (100 μM) and Ad-porcine IFN-α (50 TCID~50~) was more enhanced than that of the treatment using ribavirin (*P*   *=*  0.0003, *t*-test) or Ad-porcine IFN-α (*P*   *=*  0.02, *t*-test) alone at 48 h p.i. ([Fig. 1](#f0005){ref-type="fig"}A). Additionally, the antiviral effect of combination treatment using Ad-siRNA (50 TCID~50~) and Ad-porcine IFN-α (50 TCID~50~) was more enhanced than that of the treatment using Ad-siRNA (*P*   *=*  0.027, *t*-test) or Ad-porcine IFN-α (*P*   *=*  0.043, *t*-test) alone at 48 h p.i. ([Fig. 1](#f0005){ref-type="fig"}D).

However, the inhibition effect due to combination treatment using ribavirin (100 μM) and 6-azauridine (0.2 μM) was lower than that due to 6-azauridine treatment alone, although the inhibition effect of combination treatment was higher than that using ribavirin alone (*P*   *=*  0.002, *t*-test) ([Fig. 1](#f0005){ref-type="fig"}B). The antiviral effect of the combination of Ad-porcine IFN-α and 6-azauridine (0.2 μM) was similar to that of sole 6-azauridine treatment ([Fig. 1](#f0005){ref-type="fig"}C). Ribavirin or Ad-porcine IFN-α was not helpful to the anti-FMDV effect of 6-azauridine.

We also examined the effect of 10 or 100 TCID~50~ Ad-porcine IFN-α combined with various amounts (or titers) of ribavirin and Ad-siRNA on FMDV replication ([Fig. 2](#f0010){ref-type="fig"}). The combinations of 10 or 100 TCID~50~ Ad-porcine IFN-α with the titers of Ad-siRNA improved the antiviral effects more than the individual Ad-porcine IFN-α treatment did (*P*   *\<*  0.05 or 0.005, [Fig. 2](#f0010){ref-type="fig"}A). The inhibition effects were proportional to the Ad-siRNA titers in the combination featuring 10 TCID~50~ Ad-porcine IFN-α. In particular, the combination of 10 TCID~50~ Ad-porcine IFN-α with 1 TCID~50~ Ad-siRNA enhanced the inhibition effects on viral copy number by approximately 2-fold as compared to that by the treatment with 10 TCID~50~ Ad-porcine IFN-α alone. The combination of Ad-porcine IFN-α with a titer greater than 100 TCID~50~ Ad-siRNA enhanced the inhibition effects on viral copy number by approximately 5-fold compared to the treatment with Ad-porcine IFN-α alone. The combinations of 10:100, 100:10, and 100:100 TCID~50~ Ad-porcine IFN-α and Ad-siRNA exhibited similar antiviral effects.

The combinations of 10 TCID~50~ Ad-porcine IFN-α with most ribavirin concentrations, except 250 μM ribavirin, improved the antiviral effects more than the treatment with 10 TCID~50~ Ad-porcine IFN-α did (*P*   *\<*  0.005, [Fig. 2](#f0010){ref-type="fig"}B). The combination of Ad-porcine IFN-α with 62.5 μM or 500 μM ribavirin enhanced the inhibition effects on viral copy number by approximately 4-fold compared to treatment with Ad-porcine IFN-α alone. Moreover, the combination of Ad-porcine IFN-α with 31.25 μM or 125 μM ribavirin enhanced the inhibition effects on viral copy number by approximately 2.3-fold as compared to that by treatment with Ad-porcine IFN-α alone. However, the combination of 100 TCID~50~ Ad-porcine IFN-α with most concentrations of ribavirin, except 500 μM ribavirin, did not improve the antiviral effect compared to that of treatment with 100 TCID~50~ Ad- porcine IFN-α (*P*   *\>*  0.05).

3.3. Comparison of activation time for antiviral effect: ribavirin, Ad-porcine IFN-α, and Ad-siRNA {#s0055}
--------------------------------------------------------------------------------------------------

To investigate how quickly the antiviral effects were induced, we compared the inhibition effects of Ad-siRNA, Ad-porcine IFN-α, and ribavirin administered at various intervals before FMDV infection (2, 6, and 24 h) ([Fig. 3](#f0015){ref-type="fig"}). At 2 h before FMDV infection, Ad-siRNA and Ad-porcine IFN-α decreased FMDV copy numbers in the adenovirus treatment group by log 3. However, there was a statistically significant difference in the antiviral effects between ribavirin and the adenoviruses because ribavirin did not have significant antiviral effects (*P*   *=*  0.0021). Ad-siRNA was more effective than Ad-porcine IFN-α in the initial stage of treatment 6 h before FMDV infection (*P*   *=*  0.0121). Moreover, the antiviral effects of the adenoviruses were superior to that of ribavirin, though the antiviral effect of ribavirin was improved as compared to that at 2 h before infection. At 24 h before FMDV infection, the Ad-siRNA, Ad-porcine IFN-α, and ribavirin treatments demonstrated considerable antiviral effects with similar levels of statistical significance (*P*   *\>*  0.05). Ad-siRNA and Ad-porcine IFN-α took effect more quickly than ribavirin, though the inhibition effect of the agents depended on the incubation period up until 24 h.

3.4. Comparison of antiviral effect in simultaneous or sequential treatment with ribavirin and Ad-porcine IFN-α {#s0060}
---------------------------------------------------------------------------------------------------------------

We compared the antiviral effect of simultaneous treatment, administering a mixture of Ad-porcine IFN-α and ribavirin, to that of sequential treatment, in which Ad-porcine IFN-α treatment was followed by ribavirin treatment, because there was a possibility that ribavirin might have antiviral effects on recombinant adenoviruses ([@b0125]). As shown in [Fig. 4](#f0020){ref-type="fig"}, the groups that received the combination treatment using ribavirin and Ad-porcine IFN-α exhibited significantly inhibited FMDV replication. However, sequential treatment using Ad-porcine IFN-α and ribavirin at 24 and 6 h, respectively, before FMDV infection was more effective than simultaneous treatment with Ad-porcine IFN-α and ribavirin at 24 h (*P*   *\<*  0.05) or 6 h (*P*   *\<*  0.05) before FMDV infection.

3.5. Combination of antiviral agents: Ad-porcine IFN-α and Ad-siRNA (or ribavirin) and the antiviral effects on suckling mice {#s0065}
-----------------------------------------------------------------------------------------------------------------------------

To test the anti-FMDV effect of adenovirus-mediated siRNAs, porcine IFN*-*α, ribavirin, and their combinations *in viv*o, we injected antiviral agents into suckling mice and then challenged them with 125 LD~50~ or 250 LD~50~ FMDV O/SKR/2002 ([Fig. 5](#f0025){ref-type="fig"} ). Adenovirus expressing 3 siRNAs (Ad-siRNA) or porcine IFN-α (Ad-porcine IFN-α), and ribavirin inhibited the viral replication of FMDV in suckling mice (*P*   *\<*  0.005, log rank test). The combination treatment group, treated with 2 × 10^7^ TCID~50~ Ad-porcine IFN-α and 0.01 mg ribavirin, and the Ad-porcine IFN-α group had a 90% survival rate at 7 days post-challenge (dpc) by 125 LD~50~ FMDV ([Fig. 5](#f0025){ref-type="fig"}A). Of the Ad-siRNA and Ad-porcine IFN-α combination group and the Ad-siRNA group, 2 × 10^7^ TCID~50~ maintained 100% survival up to 7 dpc by 125 LD~50~ FMDV ([Fig. 5](#f0025){ref-type="fig"}B). In addition, the Ad-porcine IFN-α group maintained a 90% survival rate.Fig. 5Enhanced survival rate after FMDV challenge by single or combination with Ad-porcine IFN-α, Ad-siRNA, and ribavirin in suckling mice Suckling mice received intraperitoneal injections of 2 × 10^7^ TCID~50~ Ad-porcine IFN-α and Ad-siRNA, and 0.01 mg ribavirin at 24 h or 6 h before FMDV infection. Ad-porcine IFN-α was administered 24 h before FMDV infection and ribavirin was administered 6 h before FMDV infection except for combination group 2 (A and C). Combination group 2 received a mixture of Ad-porcine IFN-α and ribavirin 24 h before FMDV infection. Combination group 1 received 1 × 10^7^ TCID~50~ each of Ad-porcine IFN-α and Ad-siRNA (B and D). Combination group 2 received 2 × 10^7^ TCID~50~ each of Ad-porcine IFN-α and Ad-siRNA. Suckling mice were challenged with 125 LD~50~ (A and B) or 250 LD~50~ (C and D) FMDV (O/SKR/2002). Animals were monitored for 7 days.

The combination of Ad-porcine IFN-α with ribavirin enhanced the survival rate of the mice as shown in [Fig. 5](#f0025){ref-type="fig"}C. Combination group 1 (sequential treatment) maintained a survival rate of 26%, and combination group 2 (simultaneous treatment) maintained a survival rate of 20% up to 7 dpc, while the Ad-porcine IFN-α or ribavirin group had a survival rate of 6% or below at 7 dpc. The difference of survival rates between the sequential and simultaneous treatments was clearly demonstrated at 3 and 4 dpc, although the survival rate of the sequential treatment group was constantly higher than that of the simultaneous treatment group during the monitoring period. The combination effect of Ad-porcine IFN-α and Ad-siRNA against 250 LD~50~ FMDV is demonstrated clearly in [Fig. 5](#f0025){ref-type="fig"}D. The combination group 1 administered with 1 × 10^7^ TCID~50~ Ad-porcine IFN-α and 1 × 10^7^ TCID~50~ Ad-siRNA had a survival rate of 13% at 7 dpc. The survival rate was higher than that of Ad-porcine IFN-α alone (6%) and lower than that of Ad-siRNA alone (20%). However, the combination group 2 with 2 × 10^7^ TCID~50~ Ad-porcine IFN-α and 2 × 10^7^ TCID~50~ Ad-siRNA had a survival rate of 40%, which was higher than that of the groups treated solely with Ad-porcine IFN-α or Ad-siRNA at 7 dpc.

4. Discussion {#s0070}
=============

Several antiviral agents against FMDV such as chemical compounds, IFN, and siRNA have been proposed as an alternative method of FMD prevention ([@b0010], [@b0135], [@b0055], [@b0040]). These antiviral agents have different mechanisms for virus inhibition. Ribavirin is a mutagenic nucleoside analogue that is converted to its triphosphate form by cellular enzymes. Recently, the lethal mutagenesis of FMDV by ribavirin was analyzed on a molecular basis ([@b0085], [@b0150]). The study reported that ribavirin leads to lethal mutagenesis by accelerating the occurrence of AU-rich mutant clouds during the early replication stage, and not by increasing viral mutation rate. Guanidine-HCl blocks the ATPase activity of nonstructural protein 2C, a protein involved in poliovirus replication ([@b0195]). Type I IFNs, IFN-α and IFN-β, lead to the expression of genes that have antiviral activity ([@b0075]). Researchers have reported that treatment with IFN-α inhibited FMDV in cells, and the process is involved with IFN α/β-stimulated genes (ISGs), 2′--5′ oligoadenylate synthetase (OAS) and double-stranded RNA-dependent protein kinase (PKR) ([@b0050], [@b0060]). Gene silencing is caused by siRNA in a sequence-specific manner and leads to the inhibition of virus replication. Our group has reported that adenovirus expressing three different siRNAs targeting non-structural protein genes in the 2B or 3C regions possess enhanced and broad antiviral effects against FMDV ([@b0115]).

However, FMDV possesses resistance mechanisms against antiviral agents. FMDV induces amino acid mutation of the 3D region to decrease sensitivity to ribavirin, and the FMDV leader sequence negatively regulates type I IFN ([@b0005], [@b0070], [@b0090], [@b0200], [@b0210]). Amino acid substitutions at non-structural protein 2C have been associated with resistance to guanidine-HCl in FMDV ([@b0020], [@b0160], [@b0195]). Additionally, siRNA loses its effect due to escape mutants of the virus ([@b0190]). Therefore, we anticipated that combination treatment using antiviral agents with different inhibition mechanisms would be more effective at circumventing FMDV resistance. Combination antiviral therapy has become standard for some human disease viruses, for example, the human immunodeficiency virus and human hepatitis C virus ([@b0025]).

For this reason, we compared the antiviral effects of ribavirin, guanidine-HCl, 6-azauridine, Ad-porcine IFN-α, and Ad-siRNA to select the most effective inhibitor ([Table 1](#t0005){ref-type="table"}). In the current study, CC~50~ and EC~50~ were expressed using "concentration" as the unit of measurement for the chemical compounds and "titer" as the unit of measurement for the recombinant adenovirus. In particular, the inhibition effect of 6-azauridine against FMDV was discovered for the first time in this study. The EC~50~ of Ad-porcine IFN-α and Ad-siRNA were measured under the 10 TCID~50~ titer. However, Ad-siRNA led to higher cytotoxicity than Ad-porcine IFN-α, though it also demonstrated an excellent inhibition effect. As we predicted, Ad-siRNA with 3 siRNAs under U6 promoters induced mRNA expression of IFN-β, double-stranded RNA-dependent PKR, and 2′--5′ OAS in IBRS-2 cells, in addition to RNA interference ([@b0115]).

Next, we tested the combination effects of the antiviral agents with different inhibition mechanisms ([Fig. 1](#f0005){ref-type="fig"}). The combination of ribavirin and 6-azauridine caused an adverse effect. We suggest that ribavirin and 6-azauridine, nucleoside analogs, create mutual metabolic interference. Moreover, a recent report demonstrated that the combination of ribavirin with a nucleoside polymerase inhibitor resulted in an antagonistic effect ([@b0205]). The combination of Ad-porcine IFN-α with 6-azauridine did not demonstrate as much enhanced antiviral effect as the individual Ad-porcine IFN-α or 6-azauridine treatments did. The reason the Ad-porcine IFN-α and 6-azauridine combination did not have an additive inhibition effect is not clear. However, we suggest that 6-azauridine might have an adverse effect on adenoviral infection or IFN expression.

To our knowledge, this is the first report demonstrating that the combination of ribavirin and porcine IFN-α has an enhanced inhibition effect against FMDV. Furthermore, the combination of siRNA with type I IFN was applied to inhibit FMDV. Previous studies have reported that the induction of type I IFN enhances the antiviral effect of siRNA in human hepatitis B virus ([@b0105]). Additionally, we have suggested that adenovirus expressing 3 siRNAs under U6 promoters activate the genes related with type I IFN and enhance antiviral effects ([@b0115]). Therefore, we suggest in the current study that siRNA and type I IFN do not interfere with their respective effects, and that their combination may be a potential antiviral strategy.

The combination of 100 TCID~50~ Ad-porcine IFN-α and ribavirin, except at high concentration (500 μM ribavirin), did not lead to an enhanced antiviral effect, whereas the single adenovirus treatment did ([Fig. 2](#f0010){ref-type="fig"}B). The reason might be the combination of the high-dose recombinant adenovirus and ribavirin. The combination of ribavirin and human IFN-α protein is a common treatment method for human hepatitis C ([@b0025]). Therefore, we suggest that ribavirin might interfere with the expression of porcine IFN-α in the recombinant adenovirus, or a part of ribavirin might inhibit the adenovirus. A previous study reported that ribavirin had antiviral effects on adenoviruses ([@b0125]). However, the mechanism of ribavirin against adenovirus and its antiviral effect on recombinant adenovirus is not clear because several mechanisms have been proposed to explain the antiviral activity. Due to this possibility, we compared the simultaneous inoculation of Ad-porcine IFN-α and ribavirin, and sequential inoculation, where ribavirin treatment followed adsorption of Ad-porcine IFN-α ([Fig. 4](#f0020){ref-type="fig"}). The sequential inoculation of Ad-porcine IFN-α and ribavirin at 24 and 6 h, respectively, before FMDV infection was more effective than their simultaneous inoculation. The result was consistent with the results of Perales et al. ([@b0145]). Sequential treatment with ribavirin and guanidine-HCl was more effective than the simultaneous combination treatment. Therefore, we carried out the sequential or simultaneous injection of Ad-porcine IFN-α and ribavirin in suckling mice to expand the examination to animals ([Fig. 5](#f0025){ref-type="fig"}A and 5C).

The effects of the antiviral agents and their combination were also demonstrated in the animal experiment ([Fig. 5](#f0025){ref-type="fig"}). We demonstrated that the mixture of Ad-porcine IFN-α and Ad-siRNA or ribavirin had a positive effect on FMDV inhibition, and that the effect of 1 antiviral did not interfere with that of the other *in vivo*. The survival rate of Ad-siRNA was higher than that of Ad-porcine IFN-α in the same titer in 125 LD~50~ and 250 LD~50~, although the selectivity index of Ad-porcine IFN-α in IBRS-2 cells was 10-fold higher than that of Ad-siRNA ([Table 1](#t0005){ref-type="table"}). One possible reason is that the inhibition effect of multiple siRNA was higher than that of porcine IFN-α. Another possible reason is that the inhibition effect of Ad-porcine IFN-α was enhanced by the stimulation of IFN pathway-related genes in porcine kidney cells ([@b0055], [@b0060]), and that the gene stimulation might not have taken place because the suckling mice model lacks IFN responses ([@b0185]). The survival rate of combination group 1, treated with Ad-porcine IFN-α and Ad-siRNA, was lower than that treated with Ad-siRNA alone, while that of combination group 2, treated with a mixture of single-dose Ad-porcine IFN-α and Ad-siRNA, was higher than that of single-dose Ad-siRNA. A possible explanation for this result could be that the antiviral effect is proportional to adenovirus titer, and the survival rate of the Ad-siRNA-treated group was higher than that of the group treated with Ad-porcine IFN-α in the same titer.

We anticipated that combination treatment using Ad-porcine IFN-α, Ad-siRNA, or ribavirin would have advantages for FMDV control. The first of these advantages is that the combination treatment could lead to more rapid and effective inhibition of FMDV because antiviral agents have different activation times. We investigated how quickly the antiviral effects of Ad-porcine IFN-α, Ad-siRNA, or ribavirin were induced in IBRS-2 cells ([Fig. 3](#f0015){ref-type="fig"}). We expected Ad-siRNA and Ad-porcine IFN-α, especially Ad-siRNA, to have greater advantages than ribavirin, and that the addition of Ad-siRNA and Ad-porcine IFN-α could induce rapid inhibition when applied to an emergency situation. Second, the combination treatment could maintain the inhibition effect for a longer period because the combination of antiviral agents could be advantageous to circumventing FMDV resistance and the antiviral agents might have varying half-lifes in animals. Furthermore, Ad-porcine IFN-α stimulates the genes related to antiviral effects as time progresses after the treatment, and has a direct effect by the porcine IFN-α protein ([@b0055]). Third, we suggest that their combination can reduce the quantities of single agents used to inhibit FMDV. Therefore, we propose that the combination of Ad-porcine IFN-α and ribavirin or Ad-porcine IFN-α and Ad-siRNA could be effective when used as an emergency or combination agent with vaccines in order to prevent the spread of FMDV. It could be a very promising method if the agent could start to take effect within 24 h and could maintain the antiviral effect until the formation of immunity by vaccination. Further study in a natural host would provide conclusive evidence.

In conclusion, we compared promising antiviral agents and effective combinations of these agents for the inhibition of FMDV *in vitro* and *in vivo*. The data reported in this study may be used to develop more effective and long-lasting inhibition of FMDV. We suggest that the combinations proposed in this study: 1) Ad-siRNA with Ad-porcine IFN-α, or 2) Ribavirin with Ad-porcine IFN-α, may be advantageous in inhibiting FMDV because they have different mechanisms and activation times. Further study is necessary to test their enhanced antiviral effect in natural hosts such as swine, cattle, or goats, and against more FMDV strains. A combination ratio and injection dose could be determined in a natural host.
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[^1]: Data are mean ± standard deviations (SD) from three independent experiments.

[^2]: Cytotoxic concentration required to reduce cell viability by 50% of the control value.

[^3]: Effective concentration required to reduce virus-induced cytopathogenicity by 50% of the control value.
